
RESEARCH MEMORANDUM 

PERFORMANCE OF AN AFTERBURNER 

WITH PENTABORAME F U E L  

By. James W. Useller, J. Robert Branstetter, 
and David B. Fenn 

Lewis  Flight  Propulsion Laboratory 
Cleveland, Ohio 

m 
cd 
er 

-% 
BRARY COPY 

APR 5 1957 
EY IEROMUT!CAL WORATURY 

L t!BMRY, M C A  
0 LANGLEY F LPL U, v iRU1NIA 
f 
al 
5 

A ” 

ThIsmptsrlrleo~fnIorma~nrCIsc~Lbs~~misnsadLbsbs~~nltldntb.Ilr~ 
oi ~ b .  w m p  m, TI- 18, US&, anx. W m d  461, tbs kammbaionor m a t I o n  ofwh%=h asJ 
m p n r r s r t o s n m a r a b D N s d ~ ~ ~ ~ W ~ .  

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
March 29, 1957 

c . ,... ,. r..c.c*qLD 
. .. I .  

hwaaable  

“ . 



w cn 
-4 co 

NACA RM E 5 A U 7 a  

By James W. Useller, J. Robert Bramtetter, 
and David B. Fern 

An investigation was conducted using pentaborme W l  in 821 arter- 
burner  operating at flight conditions simulating an alt i tude of 50,000 
feet end a flight Mach nunber of 0.6. The total operathg  time wa6 

r 

c: limited to 72 minutes because of the quantity of fuel avaFlable. No 
ii:, flame holder was required. and sporitaneous ignition of the fuel a t  the 

1 

turbine-outlet temperature made an ignition source unnecessary. 

Data were obtained at afterburner equivalence rat ios  fim 0.15 to 
0.40. The naEwdrmrm cartbustion efficiency obtained wlth pentaborane was 
88 percent as compared with 82 percent  obtained with a typical af'ter- 
burner using Jp-4 fuel a t  the sane afterburner inlet conditions. The 
maximMl augmented thrust ra t io  obtaked in this investigation m a  1.46 
with a specific f'uel consrnnFption of  2.12. A t  t h i s  thrust ratio,   after-  
burner f'u~l consumption for the JP-4 fie1 -as approximately 40 percent 
greater. 

The contlnulng need for  increased flight range and reduction in 
t o t a l  gross weight of high-speed a i rc raf t  clearly emphasizes the de- 
s i rab i l i ty  of a lower specific Azel consmqtion for both the turbojet 
engine and, in particular J its af'terburner. Reference f points out 
tkt operational range as defined by the Breguet  equation, 

- 
.I 
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is  directly  proportional  to  the  chemical  heating due for  constant ef- 
ficiency of cambustion.  Therefore,  the  use  of a fuel  with a substan- 
tially  increased  heating  value  would  provfde  reduced  specific Fuel con- 
sumption and increased  flight  range for a given  tankage  capacity. 

The  boron  hydride  fuels  produce  heat  releases  approximately 50 per- 
cent  greater  per pound than hydrocarbon  f'uels  currently  in  use.  Refer- 
ence 2 predicts  range  increases of 51 percent  when  pentaborane  is  used 
in a turbojet  engine.  The  inherently high specific  fuel  consumption 
accampanying  turbojet  afterburner  operation prmpted the  present  inves- 
tigation of the  use of pentaborane in an afterburner.  The analysis of 
reference 2 assumes a combustor-outlet  temperature  below  the  vaporiza- 
tion  temperature of the  exhaust  product,  boron oxide. However, after- 
burners are usually  operated  at  temperatures  above  the  vaporization  tem- 
perature of boron  oxide.  Consecpently, a portion of the  heat  release 
frm pentaborane w i l l  be absorbed  in  the  vaporization of boron  oxide, 
a3ld the  specific  fuel  consumption will not  be  reduced  as much as  would 
be  indicated  by the analysis of reference 2. 

The  investigation was conducted  under  conditions simulating flight 
at an altitude of 50,000 feet  and a flight Ffach number  of 0.6 and was 
carried  out  in  an NACA Lewis laboratory  altitude  test  chamber  as a part 
of Project  Zip. 

The data  presented  herein  include  the  standard  afterburner  perform- 
ance  .parameters of combustion  temperature and efficiency, in addition  to 
the  augnented thrust ratios  obtained  and  the  required  specific  fuel  con- 
sumption.  Data  were  obtained  at  afterburner  equivalence  ratios from ap- 
proximately 0.15 to 0.40. 

Af'terburner  Configuration 

The  afterburner  (shown Fn f i g .  1) used in t h f s  investigation was 
moaified  to  permit  %he  use of pentaborane and was equipped  with a 
variable-area  exhaust  nozzle.  Flow-straightening  vanes  were  installed 
at  the  afterburner  inlet  station of the  diffuser  to  provide  more  favor- 
able  gas-flow  gatterns.  The  gas  velocity  at  the  afterburner diffuser 
outlet WELS approximately 500 feet  per  second. 

Pentaborane fuel was introduced through 30 fuel injectors  placed 
7~ inches  upstream of the aft end of the  diffuser  inner body. The f'uel 
injectors  were of the air-atomiz type and contained a single  orifice 
in each tube (see detail in fig. -7 I . Alternate  fuel  injectors  were im- 
mersed to depths of one-third and two-thirds the distance  across  the an- 
nular passage. .Fuel was introduced normal to the air-flow direction. 

I 
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No  flame  holder was required,  although  the shallow-dished blunt 
end of the  diffuser  body  provided a low-velocity  vortex region for  flame 
stabilization. The pentaborane  fuel  is  spontaneously  ignit,ible at the 
temperature  encountered  at  the  f'uel-injection  station (1760 R), so that 
an ignition sauce was unnecessary. 

Fuel  Specifications 

Pentaborane fuel of appm"kly 99 percent  purity was supplied 
by the  Bureau of Aeronautics,  Department of the  Navy, for this  investi- 
gation. The fuel properties  are  as follows: 

Formula weight . . . . . . . . . . . . . . . . . . . . . . . . .  63.17 
Melting  point, OF . . . . . . . . . . . . . . . . . . . . . . .  -52 
Boiling  point, OF at 760 mm Hg . . . . . . . . . . . . . . . . .  136 
Heat of combustion,  Btu/lb . . . . . . . . . . . . . . . . . . .  29,127 
Specific  gravity, 32O F . . . . . . . . . . . . . . . . . . . .  0.644 
Stoichimetric  fuel-air  ratio . . . . . . . . . . . . . . . . .  0.076 
Pounds B2O3 per million B t u  . . . . . . . . . . . . . . . . . .  94 

Lnstrumentation 

The afterburner  inlet  conditions of tmperature  and  pressure were 
surveyed by three  rakes with four thermocouples and three  rakes  with 
four thermocouples and five total-pressure  probes.  The rakes were 
placed  appro"bely 600 apart. The afterburner  exit  contained a water- 
cooled  total-pressure.rake  with ten probes  placed on centers  of  equal 
area  at  the awt-nozzle inlet. The total-pressure  probes of the 
water-cooled  rake  were of the  purging type t o  preclude  plugging  with 
boron  oxide. Four static-pressure  probes  were  placed on the  exhaust- 
nozzle  lip to measure  the  anibient  static  pressure. The afterburner 
fuel flow was measured by a remote-indicating vane-type flowmeter. 
!be atmizing air supplied to the  fuel  injectors was measured by a 
calibrated  orifice.  Detailed  pressure and temperature  instrumentation 
was installed  throughout  the  engine  to  measure  the  basic  engine 
performance. 

A l l  data  were  obtained wLth the  engine  operating  at a Reynolds num- 
ber  index of 0.2, simula;ting fli&t at an altitude of 50,000 feet Etna a 
flight Mach number  of 0.6. The  engine  inlet tqerature, however, was 
not  standard  altitude  temperature,  but  was 5200 R. At  this  flight con- 
di t ion  the  afterburner  inlet  pressure was approximately 830 pounds  per 
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square foot absolute. The engine was operated at rated  turbine d i s -  
charge gas temperature (1760O R )  and rated  rotational speed. Af’ter the 
engine had reached an equilibrium  condition, a small quantity of lead 
fuel (Jp-4) was introduced  through the fuel  injectors  to purge the  sys- 
tem and cool the injectors t o  prevent decomposition of the initial pen- 
taborane. The lead me1 was followed by the pentaborane fuel which @- 
nited smoothly upon reaching the  afterburner gas stream. Data were ob- 
tained a t  afterburner equivalence ratios (percent of stoichimetric 
fuel-air rat io)  fram approximately 0.15 to 0.40. The afterburner was 

operated a t  each equivalence ra t io  f u r  a period of  1 t o  15 minutes  with 

d a t a  being taken at 15-second intervals. No h t a  were obtained at 
equivalence ratios above 0.40 because of the small quantity of penta- 
borane available. Following afterburner  operation with  pentaborane 
f’uel, the system was purged with JP-4 fuel and helium. 

1 0, 
PC 
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Throughout the investigation,  the primary engine was operated with 
conventional hydrocarbon fuel, Jp-4. 

The data are presented in tabular form in   table  I. Appendix A con- 
tains a l ist  of symbols used herein, and appendix B demonstrates the 
methods of calculation emgloyed. 

Combustion performance. - The combustion temperature and combustion 
efficiency f o r  the  afterburner  operatiq wfth pentaborane f’uel are shown 
€n figure 2. A mum canbustion efffciency of 88 percent was obtained 
WLth pentaborane. A representative  afterburner  operatfng a t  simflar in- 
l e t  conditions achieved a c&ustion  efficiency of 82 percent us- a 
kydrocarbcm (JP-4) as reported in reference 3. 

Thrust augmentation. - The  augmented net thrust r a t io  and accam- 
panying specific fuel consumption are shown i n  figure 3. The  augmented 
net thrust ra t io  fa defined as the ratio of the net thrust of the can- 
bined  engine and afterburner to the net  thrust of the engine alone op- 
erating at the m e  flight condition. The maximum augmented thrust m- 
t i 0  obtained i n  this investigation w&s 1.46 at  an equivalence ra t io  of 
0.40 and a specific fuel consumption of 2.12. At this thrust ra t io ,  
&ere nearly all the boron oxide was vaporized, the  afterburner  fuel 
consumption for bydrocarbon fuel would be approximately 40 percent 
greater, assuming similar efficiency of combustion. 

. 

Boron oxide deposition. - The oxide deposition i n  the afterburner 

following 75 minutes of operation is shown in figure 4. Ngure 4Ca) 1 
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shows the  deposits that were fomied on the  diffuser bow and the fuel 
injectors. The fuel injectors were maintained relatively free *am de- 
posits by the atomizing air supplied t o  the orifice.  When the air sup- 
ply t o  an individual lnfector  failed,  deposits were formed as shown on 
the injector t o  the left o f  bottom center. 

The deposits on the  afterburner and diffuser walls,  the total- 
pressure  rake a t  the exhaust-nozzle in le t ,  and the exhaust nozzle are  
shown in figure 4(b)'. This photograph, taken immediately after  the 
tes t ,  shows the  deposits  before hydrolysis from atmospheric  moisture 
occurred. The deposits on the af'terburner and d i m e r  walls consisted 
of a thin transparent  coat of glass. 

The relatively minor boron oxide deposits shown i n  figure 4 pre- 
sented no particular obstacle t o  the use of pentaborme in the af'ter- 
burner  configuration  Investigated. 

Lewis Flight F?qpulsion Laboratory 
National Advisory &amittee f o r  Aeronautics 

Cleveland, ohlo, December 28, 1954 
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SYMBOLS 

The following symbols are used in t h i s  report: 

CV 
F 

f 

g 

h 

hC 

?e 
J 

K 

velocity  coefficient 

thrust,  lb 

fuel-air  ratio 

acceleration a ~ e  to  gravity,  ft/sec2 

enthalpy, Btu/lb 

lower heating value, Btu/lb 
enthalpy of products  per  pound of engine air, Btullb 

Joules const&Tlt, 778 f't-lbbtu 

constant 

constante  that  convert the enthalpies of the combustion prod- 
ucts  to  the  same  base as the  heats of combustion of the fuels 

over-all lift over drag of airplane 

total pressure, lb/sq ft ab6 

static  pressure, lb/sq ft abs 

gas constant 

range, miles 

specific  fuel  comumption, lb/(lb) (br) 
total temperature, 91 

static  tmperature, OR 

velocity, ft/sec 

gross weight,  lb 

. 
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wa air flow, Ib/sec 

wf f u e l  flow, lb/hr 

weight f low of products, lb/sec W P 

Y r a t i o  of s p e c i f i c  heats 

tl combust ion efficiency (E1 
VI 
4 
CD Subscripts : 

a air 

ab af'terburner 

i inftiaL 

Fn3 fuel injector 

J j e t  

n net 

t terminal 

0 free stream 

1 engine inlet 

5 turbine outlet 

9 exhaust-nozzle inlet 

7 

10 exhaust-nozzle outlet - 
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MECEIOD OF CALCULATION 

Cambustion  temperature. - The total and static  temperatures of the 
afterburner  combustion  products were calculated from the following 
equation: 

7 2  

and 

1 

2 

r 
1 - x  
- 

where Fj is the  measured  thrust, - is the effective  velocity 
parameter, and x is the weight fractton of the cambuetion products 
that  are liquid. Equations upon which these eqwtions are  based are 
discussed in references 4 and 5. 

e.L l. 

%a=- 

Combustion  efficiency. - The  afterburner  combustion  efficiency was 
defined. as follows: 

where hp ,101 G, Gb f r O m  unpubliShed ma data bssed On 
themdynamic data of reference 6. (All the ccndbustion products were 
assumed to be in thermal and phase equilibrium at the nozzle eldt. 1 
The lower heating value of the 3p-4 fuel was 18,700 B t u  per pound, and 
that of the pentaborane m s  29,127 Btu  per pound. 

Specific fuel consumption. - The specific  fuel  consumption was 
based on the net  thrust and the total fuel flow as f o l l o n :  

v f,e -k wf,ab 
Fn , aug SfC = 
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Flowstraightening 7- vanes 
\ I  

’ 30 Injectors 1 - 
0.031’’ Fuel orif ice  ti;! orifice 

-7-g 
I, 

Fuel injector 

Figure 1. - Schemetic diagz-am of afterburner  configuration used 
in investigation of pentaborane f’uel. 
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(a) Combustion temperature. 

(b) Combustion efficiency . 
Figure 2. - Combustion performawe o f  turbojet-  
engine afterburner operating with pentahorane 
Fuel. Alti tude,  50,000 feet; f l i g h t  Mach 
number, 0.6. 
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(E) A u p e n t e d  net thrust ratTo. 

(b) Specific fuel consumption. 

Ffgure 3. - Performance of turbojet-engine after- 
burner operating with pentaborane f'uel. Alti- 
tude, 50,000 feet; flight Mach number, 0.6. 
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(a) Diffuser body and fuel injectors. 

Figure 4. - Boric  oxide deposita following operation of' afterburner 
w i t h  pentaborane fuel. Altitude, 50,000 feet; flight Mach number, 0-6. 
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(b) wetream view o f  afterburner wall. 

Figure 4.  - Concluded. Boric oxide deposlts following  operation of afterburner w i t h  pentaborane 
fuel. Altitude 50,000 feet; fl1e;ht Mach number, 0.6. 
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